Vascular malformations cause discomfort and pain in children and are often associated with skeletal hypertrophy. Their molecular basis is poorly understood. Ephrin ligands and Eph receptor tyrosine kinases are involved in embryonic vascular development. In mice, some ephrin/Eph family members show a complementary expression pattern in blood vessels, with ephrinB2 being expressed on arterial and EphB4 on venous endothelium. Targeted deletions of the genes reveal their essential roles for conduit vessel development in mice, suggesting similar functions during human vascular development and deregulation in vascular malformations. Here, we have defined the expression patterns of human ephrinB2, EphB4, and EphB2 in normal vessels of neonates (i.e. umbilici) and adults and compared them with those in congenital venous malformations. In adults, normal vessels of the skin, muscle, and legs express ephrinB2 and EphB2 on arterial endothelial cells (ECs), whereas EphB4 is found in arteries and veins. In the umbilicus, EphB2 is a specific marker of arterial ECs, whereas ephrinB2 is additionally expressed in venous ECs, suggesting an arterial function of the veins. In venous malformations, the expression of EphB4 is not altered, but both ephrinB2 and EphB2 are ectopically expressed in venous ECs. This may reflect a nonphysiologic arterialization of malformed veins. Our study shows that the arterial markers ephrin B2 and EphB2 are expressed in a subset of veins, and it remains to be studied whether this is cause or consequence of an altered vascular identity. (Pediatr Res 57: 537-544, 2005) Abbreviations EC, endothelial cell SAM, sterile ␣ motif ␣-SMA, ␣-smooth muscle actin SMC, smooth muscle cell During embryogenesis, blood vessels form via two distinct processes, vasculogenesis and angiogenesis (1-5). Vasculogenesis involves the de novo development of endothelial cells (ECs) from mesodermal precursors, the angioblasts, and leads to the formation of the early vascular plexus. Later, blood vessels arise mainly from the preexisting ones by sprouting, splitting, and intussusceptive growth of capillaries in a process called angiogenesis. Remodeling of the primary vascular plexus into conduit vessels and capillaries ensures perfusion of all organs and tissues with blood. In the adult, angiogenesis accounts for neovascularization accompanying cyclic reproductive changes in women, as well as pathologic processes such as tumor growth, diabetic retinopathy, and rheumatoid arthritis (6,7).
During embryogenesis, blood vessels form via two distinct processes, vasculogenesis and angiogenesis (1) (2) (3) (4) (5) . Vasculogenesis involves the de novo development of endothelial cells (ECs) from mesodermal precursors, the angioblasts, and leads to the formation of the early vascular plexus. Later, blood vessels arise mainly from the preexisting ones by sprouting, splitting, and intussusceptive growth of capillaries in a process called angiogenesis. Remodeling of the primary vascular plexus into conduit vessels and capillaries ensures perfusion of all organs and tissues with blood. In the adult, angiogenesis accounts for neovascularization accompanying cyclic reproductive changes in women, as well as pathologic processes such as tumor growth, diabetic retinopathy, and rheumatoid arthritis (6, 7) .
To date, three growth factor families have been identified as critical players of blood vessel development: vascular endothelial growth factors, angiopoietins, and ephrins (8, 9) . Unlike vascular endothelial growth factors and angiopoietins, which are secreted proteins, ephrins are attached to the plasma membrane and function in cell-cell communication (10) . Ephrins can be divided into two subclasses: EphrinA ligands (ephrinA1-A5) are tethered to the outer cell surface via a glycosylphosphatidylinositol anchor, whereas ephrinB ligands (ephrinB1-B3) possess an extracellular, a transmembrane, and a conserved cytoplasmic domain. This subdivision also matches the binding preferences of ephrinA and ephrinB ligands to the corresponding EphA and EphB receptor subfamilies, respectively, whereas within these subfamilies, interactions are highly promiscuous. Eph receptors and ephrin ligands are involved in many important biologic processes. They regulate axon guidance and fasciculation in the developing brain and control cell migration, adhesion, and pattern formation in the embryo (11) . Although the functions of Eph receptors and their ligands have been studied to some extent in the nervous system, their functions in the vasculature are not well understood.
Recent studies from targeted disruption of Eph receptors and ligands in mice, together with studies in vitro, indicate a dual role of Eph signaling for sprouting angiogenesis and blood vessel remodeling. Mouse embryos lacking ephrinB2 or EphB4 exhibit fatal defects of conduit vessels formed during early vascular remodeling (12, 13) . Furthermore, elevated expression of Eph receptors and ephrin ligands promotes tumor angiogenesis and tumor growth (14, 15) . In mice, ephrinB2 and EphB4 display a remarkably reciprocal expression pattern within the developing vasculature, ephrinB2 being expressed in arterial and EphB4 in venous ECs (12) . Although subsequent studies have described low levels of EphB4 also on arterial ECs (13), ephrinB2 and EphB4 are excellent markers for arterial and venous ECs even at very early stages of development.
The finding that ephrinB2 and EphB4 are crucial for the development of conduit vessels in mice has prompted us to investigate their expression in human vascular malformations. These may be derived from capillary, venous, arterial, and lymphatic channels or combinations thereof (16) . The malformations increase in size proportionally to the growth of the patient and, unlike hemangiomas, never regress spontaneously. The patients experience discomfort and pain. Complications frequently include infection, thrombosis, skeletal hypertrophy, and congestive cardiac failure. The subfascial main vascular routes are often affected. However, malformations may as well occur in smaller vessels anywhere in the body wall and the inner organs (17) . The pathogenesis of nonhereditary vascular malformations is unknown, and causal therapies do not exist. Treatment mainly includes embolization, cryosurgery, laser therapy, and surgical resection. Here, we have focused on predominantly venous malformations from patients who have had this disease since their early childhood. We have used antibodies against ephrin/Ephs to characterize the arterial and venous nature of malformed vessels. In parallel, we applied the PAL-E antibody (18) , which has often been used to identify veins and leaves arteries unstained.
METHODS
Tissue samples. Human umbilical cords (n ϭ 10) were obtained from healthy subjects immediately after birth. Venous malformations (n ϭ 7) were obtained from patients who were admitted for surgery. Subfascial malformed veins were resected from the legs of the patients. Venous malformations were diagnosed by Doppler sonography and radiologic examination. They were of low-flow type. Arteriovenous shunts were excluded from this study. The clinical diagnoses were always confirmed by histologic analysis, where hematoxylin/eosin and elastica staining were used to display predominantly venous vessels with irregular tunica media and focal interstitial fibrosis but without signs of malignant transformation. Patients were aged between 9 and 46 y (3 female, 4 male). Control tissues (n ϭ 5) included skin, skeletal muscle, and vessels from the leg and were obtained from adults who underwent surgery for reasons other than vascular malformations. All specimens were snap-frozen in isopentane cooled in liquid nitrogen and stored at Ϫ80°C until further use. The studies were performed with the informed consent of the patients and were approved by the hospital's ethical committee.
Immunofluorescence staining. Tissue samples were cut into 20-m sections, mounted on Superfrost Plus slides (Menzel-Glaeser, Braunschweig, Germany), and air-dried for 30 min. Tissues were fixed in cold acetone for 5 min and air-dried for another 30 min. Specimens then were incubated in a blocking solution that contained PBS supplemented with 2% normal goat serum and 2% BSA. Antibody staining was performed with the following primary antibodies: monoclonal mouse anti-human CD31 (PECAM-1; Research Diagnostics, Flanders, NJ), monoclonal mouse anti-␣-smooth muscle actin (␣-SMA; Sigma Chemical Co.-Aldrich, Deisenhofen, Germany), monoclonal mouse antibody PAL-E (Research Diagnostics), polyclonal goat anti-mouse ephrinB2 (R&D Systems, Abingdon, UK), and polyclonal rabbit anti-mouse EphB2 and EphB4. Antisera that recognize mouse EphB2 and mouse EphB4 were generated using published strategies. Briefly, a cDNA fragment encoding the sterile ␣ motif (SAM) domain of mouse EphB4 (nucleotides 3140 -3436 of accession no. XM_109433) or mouse EphB2 (19) was fused to glutathione-S-transferase, and the purified bacterially expressed fusion protein was used as for immunization of rabbits. Specificity and absence of cross-reactivity with other Ephs of the resultant antisera were confirmed by Western blot.
The primary antibodies directed against EphB2 and EphB4 were diluted 1:400, 
RESULTS

In adult humans, ephrinB2 and EphB2 are expressed in arterial ECs, whereas EphB4 is present in arteries and veins.
To define the expression patterns of ephrins and Eph receptors in human venous malformations, we first sought to delineate various blood vessel constituents in normal tissue using immunohistochemistry. To identify all ECs or only those present in capillaries and veins, we used antibodies directed against CD-31 (PECAM-1) and PAL-E. The latter do not stain arterial or lymphatic vessels (18, 20) . To stain the tunica media of arteries and veins, we used antibodies directed against ␣-SMA. Various types of double staining were performed to identify the types of vessels that express ephrinB2, EphB2, and EphB4. Our studies show that ephrinB2 is co-localized in arteries with EphB4 ( Fig. 1A-C) . EphrinB2 immunoreactivity was seen in CD31-positive endothelium of vessels, which do not express PAL-E ( Fig. 1D-I ). EphrinB2 immunoreactivity was not observed in PAL-E-positive vessels, i.e. veins ( Fig. 1J-L) . Therefore, ephrinB2 seems to be preferentially expressed in arterial ECs. This view is supported by the typical morphology of ephrinB2-positive cells demonstrating their longitudinal orientation toward the blood flow (Fig. 1C) . These findings are in line with the expression pattern of ephrinB2 in mice and chicks (21, 22) . Co-staining with anti-␣-SMA antibodies revealed that the tunica media of arteries and veins was generally negative for ephrinB2 ( Fig. 1M-O ). Note that a yellow signal indicating double positivity is seen only when intima and media are superimposed.
We then studied expression of the receptor EphB4 in vessels that were co-stained with PAL-E and CD31 (Fig. 2) . The EphB4 antiserum was raised against the SAM domain and did not cross-react with other Eph receptors (data not shown). We observed expression of EphB4 in ECs of both PAL-E-positive veins ( Fig. 2A-C ) and in CD31-positive ECs of PAL-Enegative arteries ( Fig. 2D-F) . No immunoreactivity was detected in control sections that were incubated with preimmune antiserum or after omitting the primary antibody (data not 538 shown). Therefore, in the human, like in other species, ephrinB2 is specifically expressed in arterial ECs, whereas in contrast to the mouse, EphB4 is a common marker for arterial and venous ECs.
We had previously described the expression of EphB2 in the vascular wall of mice (13), and we therefore investigated its expression in adult human tissues. EphB2 was stained with a specific antiserum raised against its SAM domain (19) . No signal was detected in controls with preimmune antiserum or after omitting the primary antibody. We detected EphB2 in ECs that were identified by co-staining with CD31 ( Fig. 3A-C) . EphB2 was expressed in the endothelium of PAL-Enegative arteries (Fig. 3D-F) , which were additionally identified by their distinct tunica media and the longitudinal orientation of their ECs (Fig. 3G-L) . EphB2 was absent from veins ( Fig. 3J-L, arrow) , and detected the receptor in neither arterial nor venous smooth muscle cell (SMCs; Fig. 3J-L) . Because of its specific localization in arterial ECs, it is possible to discriminate arteries from veins with EphB2 antibodies. The results are summarized in Table 1 .
In human umbilical cord, ephrinB2 and EphB4 are expressed in both arteries and veins, whereas EphB2 is specific for arterial ECs. Arterial and venous ECs from human umbilical cord vessels are widely used for in vitro studies. We therefore used cryosections of human umbilical cords to investigate the expression pattern of ephrinB2, EphB4, and EphB2 in situ. The human umbilical cord at term contains two arteries and one vein. Umbilical arteries convey deoxygenated blood and metabolites from the embryo toward the placenta. From there, oxygenated blood and nutrients flow back to the embryo through the umbilical vein. Morphologically, umbilical arteries can be distinguished from the umbilical vein by the strong postnatal contraction (23) . In serial sections, we observed ephrinB2 co-expression with the pan-endothelial marker CD31 in arteries and veins (Fig. 4A-G) . In addition, a subpopulation of venous SMCs were positive for ephrinB2, whereas the arterial smooth musculature showed no expression of the ligand (Fig. 4H-L) .
The EphB4 antiserum homogeneously stained the endothelium of both umbilical arteries and umbilical vein with almost equal intensities (Fig. 5A-I ). The SMC layers of neither umbilical arteries nor the umbilical vein expressed the receptor (Fig. 5J-O) . The expression pattern does not differ from that of adult human vessels.
Staining of human umbilical cord with EphB2 antiserum revealed a complementary expression pattern in arteries and veins. In umbilical arteries, EphB2 expression was observed in ECs, as shown by co-staining with CD31 ( Fig. 6A-F) , and the signal was distributed evenly in the entire endothelium. In addition, positive staining of SMCs was found in the most peripheral layers of the tunica media (Fig. 6A-C) , whereas SMCs adjacent to the endothelium displayed no EphB2 expression (Fig. 6G-I ). In the umbilical vein, immunofluorescence double staining for EphB2 and CD31 revealed no expression of the receptor in the endothelium (Fig. 6J-L) . In contrast, very strong expression of EphB2 was observed in the 
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entire tunica media as demonstrated by co-staining with anti-␣-SMA antibodies (Fig. 6M-O) . The results are summarized in Table 1 .
In venous malformations, arterial markers are expressed in venous ECs. To date, the classification of malformations is based on angiographic, intraoperative, and histologic findings (24, 25) . In most cases, various types of blood vessels are involved. The Hamburg Classification for congenital vascular malformations distinguishes from among 1) predominantly arterial, 2) predominantly venous, 3) predominantly arteriovenous, 4) predominantly lymphatic malformations, and 5) combined forms (26, 27) . Molecular markers to discriminate between different types of congenital vascular malformations are lacking. Here, we have studied the expression of ephrinB2, EphB4, EphB2, and PAL-E in venous malformations. PAL-E retained its venous specificity, and, like in normal tissue, arteries were not stained (Fig. 7) . We observed deregulated expression of the arterial markers compared with the normal human vasculature. PAL-E-positive malformed veins showed abnormal expression of the arterial markers ephrinB2 (Fig.  7A-C , arrow, and D-F) and EphB2 (Fig. 7G-I) . Surprising, down-regulation of arterial markers was observed in accompanying arteries, which were normal according to clinical parameters. The PAL-E-negative arteries expressed neither EphB2 nor ephrinB2 (Fig. 7A-C, arrowheads) . The expression pattern of EphB4 seemed basically unaltered. Malformed veins continued to express EphB4 (Fig. 7J-L, arrows) , and arteries were weakly positive (Fig. 7J-L, arrowheads) . The results are summarized in Table 1 .
In malformed veins, intima proliferations display arterial characteristics. In large malformed veins, we observed intima proliferations, which contain ␣-SMA-positive cells (myofibroblasts, SMCs) and in-growing microvessels. We performed double staining with antibodies against ephrinB2, EphB4, or EphB2 (green) in combination with PAL-E or anti-␣-SMA (red). All ECs covering the intima proliferations were positive for PAL-E, indicating their venous character (Fig. 8D-F and J-L), but additionally these ECs co-expressed the arterial markers ephrinB2 and EphB2. Remarkably, expression of ephrinB2 was strongest in ECs, which were in close contact to ␣-SMA-positive cells (Fig. 8A-C) . EphB2 expression in ECs mostly seemed to be independent from the proximity to ␣-SMA-positive cells (Fig. 8G-I) , and for EphB4 expression there was no correlation with the proximity to ␣-SMA-positive cells (Fig. 8M-O) . In ␣-SMA-positive cells of intima proliferations, we never observed ephrinB2 or EphB2 (Fig. 8A-C and G-I). The up-regulation of arterial markers in malformed veins seems to be restricted on the endothelium.
DISCUSSION
Functions of ephrins during embryonic development.
The Eph receptors comprise the largest subfamily of receptor tyrosine kinases, including at least 14 members in both human and mouse. The EphA subgroup consists of eight members, and the EphB subgroup consists of six members (8, 21) . Membrane attachment and clustering of the ligands seem to be critical for the activation of the receptors (28) . In addition, there is bidirectional signaling of ephrinB ligands. Upon receptor binding, the cytoplasmic domain of ephrinBs becomes phosphorylated, resulting in signaling toward both the receptor and the ligand expressing cells (29) . During embryogenesis, ephrins confer positional information, often or mainly by repulsive activities. Ephrins are expressed in specific rhombomeres, where they are involved in boundary formation and neural crest cell guidance (30, 31) . They also have a role in guiding axon growth and fasciculation (32) . A collapsing activity for growth cones of axons has been observed as a result of interactions between ephrinA5 and EphA receptors (33) . Boundary formation activity of ephrins has also been found in the paraxial mesoderm, where they control the metameric pattern of the somites (34) .
Molecular background of hereditary vascular malformations. The cause of vascular malformations is largely unknown, and only in a few cases of hereditary vascular malformations has the molecular background been identified. In cerebral cavernous malformation, a vascular lesion with predilection to the brain, the mutated gene has been identified as Krev1 Interaction Trapped1 (KRIT1) (35, 36) , a molecule of unknown function. Mucocutaneous venous malformations are distended channels often lacking support by vascular SMCs. In a family with autosomal dominant inheritance of the disease, a mutation 
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has been identified in the angiopoietin receptor TIE2/TEK (37) . The mutation causes a ligand-independent activation of the receptor. Molecular genetic linkage analyses of glomuvenous malformations have identified a mutated gene on chromosome 1p21-p22, which was thereafter named glomulin (38) . Glomulin might be involved in the transforming growth factor-␤ signaling pathway. No other molecular data on arteriovenous and venous malformations have been reported yet.
Functions of ephrins in the vascular system: pathologic arterialization. The important functions of ephrinB2 and EphB4 for the development of arteries and veins have been demonstrated in knockout mice (21, 39) . Except for one study on ephrinA/EphA interactions in tumor blood vessels (40) , their roles in adult mice and humans have not been established. In this report, we have observed that specific members of the ephrin/Eph family continue to be expressed in differentiated human vasculature. EphrinB2 is a marker of arterial ECs. This expression pattern is similar to that in mice, chicks, and zebrafish (21, 22) . EphB4 is expressed on human arteries and veins. In mice, EphB4 first was described as a venous marker (12) , although weak expression on arteries was reported later (41) . Nevertheless, there is a quantitative difference of EphB4 expression on arteries and veins in mice. Our immunohistologic studies show that this also seems to be the case in human tissues. In addition, our studies have revealed a new specific endothelial marker: EphB2 is expressed selectively in arterial ECs in the human, both in vessels of the adult and in the umbilicus. In mice, a different expression pattern has been described: peri-ECs and the myocardium being EphB2 positive (13, 42) .
The functions of ephrins in the vascular system are not well understood. Boundary formation and repulsive or collapsing activities, like in the paraxial mesoderm and the nervous system, might destroy the continuity and integrity of the circulatory system. However, ephrins may provide positional information for the arterial and venous leg of the vasculature. Such information may be crucial not only during development but also for stabilization and regeneration. It was shown some time ago that, during wound healing, arteries connect to arteries, veins to veins, and lymphatics to lymphatics (43) . In this scenario, repulsive mechanisms and positional information may be crucial to establish homophilic connections. In fact, recent studies have shown that EphB4 forward signaling restricts intermingling of different EC types. Thereby, ephrins regulate EC-EC and EC-matrix adhesion, which is a prerequisite for migration, sprouting, and intercalated vascular growth (44) . It has often been observed that vascular malformations expand upon injury. Abnormal expression of ephrins in vascular malformations may induce prolonged migration and sprouting of ECs and may also retard the formation of homophilic vascular connections. The expression patterns of ephrinB2, EphB2, and EphB4 in vessels of the adult human suggest physiologic functions in differentiated vessels, which is supported by our finding of their deregulation in venous malformations. We have observed up-regulation of arterial markers ephrinB2 and EphB2 in affected veins. This may alter the behavior of ECs, leading to abnormal growth and patterning of vessels. It seems that the veins gradually become arterialized. Because the malformed veins in our study were of low-flow type, it seems that we can exclude that mechanical factors such as arterial shear stress and tangential (pulsatile) stress may have induced this process. However, the effects of turbulent blood flow cannot be excluded. Expression of ephrinB2 and EphB2 reflects arterialization of the affected veins, and it remains to be studied whether high-flow-type venous malformations are characterized by an even more pronounced arterialization.
Functions of ephrins in the vascular system: physiologic arterialization. In the umbilical cord, we have observed that the arterial marker ephrinB2 is expressed in the endothelium of both the umbilical vein and the umbilical artery, and only EphB2 is a specific marker of arterial ECs in the umbilicus. Our data suggest that changes of arterial and venous identity of vessels can occur not only under pathologic but also under physiologic conditions. Correspondingly, it has been shown that during embryonic development, venous ECs can transdifferentiate into arterial ECs (22) . The stimuli that induce transdifferentiation of vessels may originate from the luminal side of the vessel or from the abluminal side as a result of interactions between ECs and peri-ECs. In venous malformations, we have observed strongest expression of ephrinB2 in ECs, which Immunofluorescence staining with antibodies against EphB2 (green) in combination with CD31 or anti-␣-SMA (red). In the umbilical artery there is EphB2 expression in the CD31-positive endothelium (A-F). In addition, SMCs in the most peripheral layers of the tunica media express EphB2 (A-C), whereas SMCs adjacent to the endothelium display no EphB2 expression (G-I). In the umbilical vein, the endothelium is EphB2 negative (J-L). In contrast, very strong and homogeneous expression is observed in the entire tunica media (M-O). 
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are in intimate contact with ␣-SMA-positive cells, supporting an influence from the abluminal side. In addition, influences from the luminal side of the vessel can be many-fold. In the umbilical vein, there is high pressure of O 2 and in the umbilical arteries low pressure of O 2 , which may be responsible for the regulation of arterial and venous markers. Besides the shear stress and the transmural pressure, the tangential stress of the arterial system has a strong impact on the vessel wall (45) . It induces hyperplasia of veins grafted into the arterial system, but its effect on the expressions of ephrins has not been studied yet.
In summary, our studies show that specific members of the ephrin/Eph family are expressed in the human vasculature and may be involved in the determination of arterial and venous phenotypes of vessels. EphrinB2 and EphB2 are specific markers of arterial ECs in the adult, whereas only EphB2 is specific for arterial ECs in the umbilical cord. Alterations of the expression patterns seem to coincide with changes of arterial and venous identities under both physiologic and pathologic conditions, but the cause for the altered expression patterns remains to be studied. 
EPHRINS IN VENOUS MALFORMATIONS
